Impact of dimethylpyrazole-based nitrification inhibitors on soil-borne bacteria by Corrochano Monsalve, Mario et al.
Science of the Total Environment 792 (2021) 148374
Contents lists available at ScienceDirect
Science of the Total Environment
j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenvImpact of dimethylpyrazole-based nitrification inhibitors on
soil-borne bacteriaMario Corrochano-Monsalve a,⁎, Carmen González-Murua a, José-María Estavillo a,
Andone Estonba b, Iratxe Zarraonaindia b,c
a Department of Plant Biology and Ecology, University of the Basque Country (UPV/EHU), Apdo. 644, E-48080 Bilbao, Spain
b Department of Genetics, Physical Anthropology & Animal Physiology, Faculty of Science and Technology, University of the Basque Country (UPV/EHU), Leioa, Spain
c IKERBASQUE, Basque Foundation for Science, Bilbao, SpainH I G H L I G H T S G R A P H I C A L A B S T R A C T• Soil water content played a key role in
the effect of DMPP and DMPSA on soil
bacteria.
• Bothnitrification inhibitors (NIs) shifted
non-target bacteria abundances.
• The effect of NIs within nitrifiers was
highly focused on Nitrosomonas.
• DMPSA decreased bacterial-community
richness and evenness at high soil mois-
ture.
• NIs shifted bacterial interaction net-
works by decreasing their complexity.⁎ Corresponding author.
E-mail address: mario.corrochano@ehu.eus (M. Corroc
https://doi.org/10.1016/j.scitotenv.2021.148374
0048-9697/© 2021 The Author(s). Published by Elseviea b s t r a c ta r t i c l e i n f oArticle history:
Received 18 February 2021
Received in revised form 3 May 2021
Accepted 3 June 2021
Available online 15 June 2021







Nitrogen fertilizationNitrogen (N) input from fertilizers modifies the properties of agricultural soils as well as bacterial commu-
nity diversity, composition and relationships. This can lead to negative impacts such as the deterioration of
system multifunctionality, whose maintenance is critical to normal nutrient cycling. Synthetic nitrification
inhibitors (NIs) can be combined with fertilizers to improve the efficiency of N use by reducing N losses.
However, analysis of their effects on non-target bacteria are scarce. This study aimed to analyze the effect
of applying the NIs DMPP and DMPSA on the whole bacterial community. Through 16S rRNA amplicon
sequencing we determined the differences between samples in terms of microbial diversity, composition
and co-occurrence networks.
The application of DMPP andDMPSA exerted little impact on the abundance of the dominant phyla. Nevertheless,
several significant shifts were detected in bacterial diversity, co-occurrence networks, and the abundance of par-
ticular taxa, where soil water content played a key role. For instance, the application of NIs intensified the nega-
tive impact of N fertilization on bacterial diversity under high water-filled pore spaces (WFPS) (>64%), reducing
community diversity, whereas alpha-diversity was not affected at low WFPS (<55%). Interestingly, despite NIs
are known to inhibit ammonia monooxygenase (AMO) enzyme, both NIs almost exclusively inhibited
Nitrosomonas genera among AMO holding nitrifiers. Thus, Nitrosomonas showed abundance reductions of up to
47% (DMPP) and 66% (DMPSA). Nonetheless, non-target bacterial abundances also shifted with NI application.
Notably, DMPSA application partially alleviated the negative effect of fertilization on soil multifunctionality. A re-
markable increase in populations related to system multifunctionality, such as Armatimonadetes (up to +21%),hano-Monsalve).
r B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cation substantially influenced microbial associations by decreasing the complexity of co-occurrence networks,
decreasing the total edges and node connectivity, and increasing path distances.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Nitrogen (N) fertilizer application is necessary to achieve higher
yields in crops and guarantee food security. However, it also modifies
several biotic and abiotic parameters of agricultural soils. As a conse-
quence, microbial diversity, structure and relationships are altered.
The soil microbiome plays a key role in the maintenance of ecosystem
functionality (Brussaard, 1997; Van der Heijden et al., 2008), and the
fertilizer type, composition and dose applied all modulate the response
of this community (Hartmann et al., 2015; Zhou et al., 2015; Tao et al.,
2018). On the one hand, fertilizer use indirectly affects the bacterial
community by changing soil carbon levels and chemical composition
(Liu et al., 2016), root development (Peng et al., 2017) and soil pH
(Guo et al., 2010). On the other hand, bacteria are directly affected by
nutrient availability. In this manner, fertilization favors groups adapted
to nutrient-rich environments (Fierer et al., 2007). Furthermore, the
response of the bacterial consortia to N fertilization varies depending
on the initial characteristics of the soil (Wang et al., 2018). Oligotrophic
bacteria play a key role in themaintenance of systemmultifunctionality,
which is described as the capability to conductmultiple functions simul-
taneously, and is critical to nutrient cycling (Wagg et al., 2014; Bender
et al., 2016). Thus, multifunctionality is negatively affected by the exter-
nal N input, which provides a less favorable environment for oligotro-
phic bacteria. In contrast, copiotrophic populations are promoted due
to their fast growth rates (Fierer et al., 2007). The vast diversity of soil
microorganisms is interconnected and maintain a complex network of
relationships that encompasses predation, competition and mutualism,
all driving biogeochemical cycles and ecosystem functioning (Montoya
et al., 2006; Olesen et al., 2007). Thus, an alteration to part of the
community, for instance due to external factors such as agricultural
practices, can trigger a chain reaction in the rest of the associations.
Co-occurrence network construction is a powerful tool to analyze
these relationships (Deng et al., 2012). However, there are very few
studies that have used this approach to analyze the response of the
whole soil bacterial community to fertilizer (Barberán et al., 2012; Tao
et al., 2018; Yu et al., 2019).
Synthetic nitrification inhibitors (NIs) can be applied alongside fer-
tilizers to improveNuse efficiency. These products delayNH4+ oxidation
by the copper-dependent ammonia-oxidizing enzyme (AMO), which is
harbored by ammonia-oxidizing bacteria (AOB) (Arp and Stein, 2003).
By keeping N in the form of NH4+, NO3− production and N2O emissions
resulting from the nitrification process are reduced. As a consequence,
leaching risk is diminished and less substrate is available for denitrifying
bacteria, which sequentially reduce NO3− to NO, N2O and N2. Neverthe-
less, 40% of denitrifiers lack the copper-dependent nitrous-oxide
reductase enzyme (N2OR), capable of reducing N2O to N2 (Hallin et al.,
2018). Thus, a great amount of N is lost as N2O, which has a global
warming potential 265 times higher than CO2 over a 100-year time
frame (IPCC, 2014). The use of NIs such as 3,4-dimethyl-1H-pyrazol
dihydrogen phosphate (DMPP) and the isomeric mixture 2-(3,4-di-
methyl-1H-pyrazol-1-yl)-succinic acid and 2-(4,5-dimethyl-1H-
pyrazol-1-yl)-succinic acid (DMPSA), two copper-chelating compounds
(Corrochano-Monsalve et al., 2021a), has demonstrated great efficiency
in reducing N2O losses in many types of soils and crops (Pfab et al.,
2012; Huérfano et al., 2018; Recio et al., 2019; Sha et al., 2020). The im-
pact of DMPP and DMPSA is believed to be specific to AOB, since the
abundance of this population decreases after NI application, while the
total bacterial abundance is not affected (Ruser and Schulz, 2015;2
Corrochano-Monsalve et al., 2020a; Luchibia et al., 2020). However,
recent studies have found unexpected effects on the denitrifying path-
way, since the abundance of nosZI genes (encoding for N2OR) is
increased after DMPP and DMPSA application (Torralbo et al., 2017;
Corrochano-Monsalve et al., 2020a, 2021a). Moreover, the shifts in
AOB can either directly or indirectly impact other bacteria, and
therefore it is necessary to assess NI effects on the entire bacterial com-
munity. However, there are only three preliminary studies in the litera-
ture that address the effects of NIs on bacteria other than nitrifiers.
While Zhang et al. (2017a) and Luchibia et al. (2020) reported almost
no effects of DMPP on soil bacterial consortia, our earlier work
(Corrochano-Monsalve et al., 2020b) documented that the application
of DMPSA with ammonium sulfate as fertilizer affected both bacte-
rial diversity and structure, a result that should be taken into ac-
count, since the application of fertilizer alone also decreases the
microbial diversity (Wang et al., 2018). Furthermore, the impact of
NIs on bacterial consortia was evidenced to be highly dependent on
soil water content (Corrochano-Monsalve et al., 2020b). When the
water-filled pore space (WFPS) in the soil reaches above 56%, the
soil pores are connected, and this affects microbial distribution and
facilitates the diffusion of substances such as NIs (Carson et al.,
2010). In agreement, we previously observed a greater impact of
DMPSA on the bacterial community when the WFPS was above 56%
(Corrochano-Monsalve et al., 2020b), which was probably due to a
greater diffusion of DMPSA into the soils studied. The same authors
also evidenced a striking increase in the relative abundance of
Cyanobacteria after DMPSA application, which deserves further
analysis given its possible benefits for agriculture (Singh et al.,
2016). Therefore, it is necessary to investigate whether these re-
sponses are replicated in soils with different physicochemical char-
acteristics, different climates and different crops.
Thus, in this study,we analyzed the effect of both of theNIs, DMPP and
DMPSA, on the entire bacterial community through 16S rRNA amplicon
sequencing.We provide the first comparison of themagnitude of the im-
pact exerted by the fertilizer itself on soil bacterial consortia to that of fer-
tilizers combinedwith the inhibitors. In addition,we evaluated the effects
of their recurrent application on bacterial diversity, addressing whether
these shifts revert over time or, on the contrary, whether the changes
are stable/higher as fertilizer accumulates. In addition, NI modifications
tomicrobial relationships (co-occurrence and co-exclusion)were studied.
To the best of our knowledge, this is the first time that a co-occurrence
network approach has been applied to assess the effect of NIs on the
soil bacterial community.Wehypothesized that i) the impact of the appli-
cation of NIs on microbial diversity, structure and co-occurrence patterns
would be subtle in comparison to the impact of the fertilizer alone, as NIs
are presumably specific to nitrifying bacteria and are added at a rate of
only 0.8% of the NH4+-N applied with the fertilizer; ii) the response of
soil bacterial consortia to DMPP and DMPSA would be similar because
both NIs are based on dimethylpyrazole (DMP), and iii) themicrobial im-
pact of DMPP and DMPSAwill beWPFS dependent, because the diffusion
of these compounds into the soil will be different depending on themois-
ture content.
The present work aims to enrich our understanding of the possible
effects of NIs in microbial processes to ensure their application does
not have harmful effects on soil health. The latter insights are of great
value to respond to themajor challenges currently faced by agriculture:
increasing crop production for food and energy while preserving eco-
system functioning and soil quality.
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2.1. Experimental design
This research was conducted under Atlantic climate conditions,
on an experimental field located in Zamudio (Basque Country,
northern Spain). Soil was collected from the 0–10 cm layer of a
ryegrass crop (Lolium multiflorum Lam. Var. Westerwold). At the
beginning of the experiment, the soil upper horizon (0–30 cm)
presented a silt loam texture (33.4% of sand, 52.6% of silt and
15.0% of clay), an organic matter content of 1.8%, a C/N ratio of
7.9 and pH 5.6 (1:2.5 H2O; 0–10 cm).
The experimental design consisted of a completely randomized
block with four replicates and an individual plot size of 28 m2 (7 m ×
4 m). The soil was plowed and sown in September 2016 at a density
of 40 kg ryegrass seeds ha−1. The treatments studied consisted of con-
trol soils with no fertilizer (C), soils amended with ammonium sulfate
(AS), soils with ammonium sulfate + DMPP (ASP) and soils with am-
monium sulfate + DMPSA (ASD). Ammonium sulfate was applied in
granular form at a rate of 80 kg N ha−1 (1st application) and 60 kg N
ha−1 (2nd, 3rd and 4th applications). NIs were applied at a rate of 0.8%
of the NH4+-N, as supplied by Eurochem Agro Iberia S.L., accounting for
0.64 kg ha−1 (1st application) and 0.48 kg ha−1 (2nd, 3rd, and 4th appli-
cations). The timing and rates of application are detailed in Fig. 1.
2.2. Soil water content determination
Four soil samples (2 cm diameter × 10 cm depth) were collected
randomly from each plot every two days for two weeks after fertilizer
application. In the remaining time, sampling was carried out two days
per week. Rocks were removed and the soil was oven-dried for 48 h at
80 °C. Soil water content was calculated as the percentage of water-
filled pore space (WFPS) according to Linn and Doran (1984):
WFPS = (soil gravimetric water content × bulk density) × (1 − (bulk
density/particle density))−1, by using a particle density of 2.65 Mg
m−3, while bulk density resulted in a value of 1.22Mgm−3. For statisti-
cal analysis, samples were grouped into lowWFPS (ranging from 41.9%
to 55.0%; 80 samples) and highWFPS (from 64.2% to 66.8%; 48 samples)
conditions, following the Carson et al. (2010) pore connectivity theory,
which specifies that below WPFS 56% soil pores become disconnected.
To do this clustering, mean WFPS values from the previous 15 days
were used because the bacterial community ismodulated by conditions
maintained for several days before the sampling.Fig. 1. Soil water content expressed as water-filled pore space (WFPS) and soil temperature (0
sampling for DNA determinations and timing from last fertilizer application (Days after fertiliz
3
2.3. Soil sampling and DNA extraction
Five soil subsamples (2 cm diameter × 10 cm depth) were collected
randomly from each individual plot and thenmixed. Sampling times are
shown in Fig. 1. In total, 128 samples were collected. After homogeniza-
tion, DNA was extracted from 0.35 g soil fresh weight using the
PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA)
with the following modifications: cell lysis was carried out in a
Precellys24 homogenizer (Bertin, Montigny-le-Bretonneux, France),
and cooling incubations and the final elution incubation were per-
formed as described by Harter et al. (2014). Extracted DNA concentra-
tion and quality were determined by spectrophotometry with a
NanoDrop® 1000 (Thermo Scientific, Walthman, MA, USA).
2.4. Library construction and DNA sequencing
The V4 region of the bacterial 16S rRNA gene was amplified with
515F/806R primers as described by Caporaso et al. (2012) including
Illumina barcodes and sequencing adaptors. The following PCR condi-
tions were used for amplification: initial denaturation at 95 °C for 4
min, 35 cycles at 95 °C for 15 s, 50 °C for 30 s and a final extension of
72 °C for 30 s. PCR products were examined by electrophoresis in a 1%
agarose gel. Amplicon purification was performed with the CleanPCR
kit (Cleanna), using magnetic beads. Samples were quantified with
QubitTM v2.0 (ThermoFisher Scientific) and normalized in an 8 pM
pool. A paired-end sequencing of the pool was carried out with the kit
v3 PE 2 × 150 bp (600 cycles) on an Illumina MiSeq modified to run
for 300 cycles at the Sequencing and Genotyping Unit of the University
of the Basque Country (SGIKER).
2.5. Quality checking, processing and taxonomic assignment
Forward and reverse raw sequences were quality checked with
Sickle v1.33 (Joshi and Fass, 2011) using default parameters including
a Phred score ≥ 20. The assembly of the pair-end sequences was con-
ducted with Pear v0.9.10 (Zhang et al., 2014), with an overlap of
15 bp. Fastq-barcode.pl script (Smith, 2012) was used to remove non-
existent (non-assembled) barcodes from the fastq files obtained in
Pear. Seq_filter.pl was used to eliminate sequences by length, keeping
sequences with a min and max length of 205–295 bp to avoid back-
ground noise in the subsequent analyses. An open reference
Operational-Taxonomic-Unit (OTU) picking method was used in
QIIME v1.9. OTUswere clustered against the GreenGenes 13_8 database–10 cm), fertilizer application rates and total cumulative fertilization. Arrows indicate soil
ation, DAF).
Fig. 2. Alpha diversity Chao1 (richness) and Shannon (evenness) indices by treatment at
low and high water-filled pore space (WFPS). Different letters indicate significant
differences (Monte Carlo, P < 0.05 based on 999 permutations). C = Unfertilized
control; AS = Ammonium Sulfate 21%; ASP = Ammonium Sulfate 21% + DMPP; ASD =
Ammonium Sulfate 21% + DMPSA.
M. Corrochano-Monsalve, C. González-Murua, J.-M. Estavillo et al. Science of the Total Environment 792 (2021) 148374at the 97% similarity level using uclust (Edgar, 2010). OTU sequences
were aligned using PYNAST (Caporaso et al., 2010a) and the ones
that failed to align were discarded. OTU taxonomy was determined
using the RDP classifier (Wang et al., 2007) retrained towards
GreenGenes13_8 (97% similarity). A final OTU table was created,
excluding unaligned sequences and OTUs with less than 10 sequences.
Finally, the OTU table was normalized using the metagenomeSeq CSS
algorithm, which normalized sequences using the cumulative sum
scaling transformation (Paulson et al., 2013).
2.6. Co-occurrence network construction and visualization
To explore the response of bacterial relationships to fertilizer and NI
application, we constructed eight co-occurrence networks (four net-
works for low WFPS conditions and four for high WFPS). Only OTUs
that appeared in more than 50% of the samples were considered for
the construction of each network. Networks were constructed on the
MENAP website (http://ieg4.rccc.ou.edu/mena/main.cgi) following the
developers' recommendations (Zhou et al., 2010, 2011; Deng et al.,
2012). A simulated annealing algorithm was used for better separation
of the modules (Guimerà and Amaral, 2005; Tao et al., 2018). Networks
were visualized with Cytoscape v3.8.2 (Shannon et al., 2003). The net-
works were assessed based on their topological features determining
the network size, number of edges (connectivity), percentage of posi-
tive edges, average connectivity (avgK), average path distance (GD), av-
erage clustering coefficient (avgCC), modularity (M), and number of
modules (Table 2).
2.7. Statistical analysis
Statistical evaluation of the data was carried out with QIIME v1.9
(Caporaso et al., 2010b) and R version 3.1.2 (R Core Team, 2013) using
Rstudio version 1.1.463 (R Studio Team, 2016). Community richness
and evenness were calculated through Chao1 and Shannon indices,
respectively, rarefying the original (not normalized by CSS) OTU table
to 27,000 sequencing depth. The Monte-Carlo test was applied to test
the differences in alpha-diversity measurements between treatments,
accumulated fertilizer treatments and days after fertilizer application
(P < 0.05 based on 999 permutations). To test the significance of the
differences between treatments of the parameters describing the
topology of each co-occurrence network, 100 random networks were
generated to use the standard deviation for the Student-t-test. Commu-
nity dissimilarity between samples was assessed with the Bray-Curtis
index and the ANOSIM test was used to address whether microbial
community composition changed significantly according to the
exploratory variables “Fertilization” and “Nitrification inhibitor”. The
linear discriminant analysis effect size (LEfSe) method (Segata et al.,
2011) was used to identify biomarkers of the different treatments
(Kruskal-Wallis P < 0.05 and LDA Log10 > 2) in the Galaxy online tool
(http://huttenhower.sph.harvard.edu/galaxy).
3. Results and discussion
3.1. Nitrification inhibitors intensified the impact of fertilizer on alpha-
diversity at high WFPS
3.1.1. Impact of fertilizer on bacterial diversity with respect to unfertilized
soils
When comparing unfertilized and AS soils, we showed that fertilizer
decreased the Shannon evenness index at both low (C = 10.54; AS =
9.84; Monte-Carlo test, P = 0.006) and high WFPS (C = 10.54; AS =
10.22; Monte-Carlo test, P = 0.006), but that was not the case for the
Chao1 richness index, especially at high WFPS (low WFPS, C = 8757;
AS = 8018; High WFPS, C = 8829; AS = 9180) (Fig. 2). This suggests
that adding ammonium sulfate fertilizer alone did not cause adverse ef-
fects on relatively-rare taxa, but it made the abundance of the taxa4
found more similar. Most previous studies have reported a decrease in
bacterial alpha-diversity after N application. N addition through fertil-
izers shifts soil conditions, thus modifying soil bacterial consortia. This
large N input favors copiotrophic taxa over oligotrophs (Leff et al.,
2015), with fast growth rates of the former (Fierer et al., 2007). Besides
this, applying fertilizer indirectly affects carbon pools (Liu et al., 2016)
and diminishes soil pH in the long term as a consequence of H+ release
through nitrification (Pierre, 1928; Tian and Niu, 2015). The reason be-
hind not observing a significant decrease in Chao1 in the present exper-
iment (P = 0.12 at low WFPS) may be related to several factors
identified byWang et al. (2018) that influence themagnitude of the im-
pact of fertilizer applications. i) The negative effect of fertilizer on alpha-
diversity tends to be smoother in grassland systems, as in the present
case. ii) The impact is influenced by the initial conditions in the soils be-
fore fertilization. Thus, effects on alpha-diversity are not significant
when the initial soil pH is below 7 (in the present study, the initial pH
was 5.6). iii) There is a greater accumulation of these effects the longer
the soils have been fertilized and the higher the dosage of fertilizer re-
ceived. Therefore, smaller diversity drifts should be expected in the
present study due to the relatively short time period of the experiment
(four fertilizer applications in six months).
Unfertilized soils maintained constant evenness values throughout
the experiment (C Shannon = 10.54, 10.55, 10.59, 10.48), but in AS it
dropped from 10.29 (when only 80 kg N ha−1 had been applied)
down to 9.97 (a total of 140 kg N ha−1 applied), 9.85 (200 kg N ha−1)
and 9.69 (when a total dose of 260 kg N ha−1 had been accumulated).
Thus, fertilizer accumulation was clearly accompanied by a reduction
in the Shannon index (Fig. 3A). In contrast, this trend was not observed
in terms of the Chao1 values (Supplemental Fig. S1A). Nonetheless, AS
soils tended to recover higher diversities 60 days after fertilizer applica-
tion (DAF) (AS Shannon, 15 DAF = 10.03, 30 DAF = 9.90, 60 DAF =
10.10), approaching C levels (Shannon = 10.54, 10.56, and 10.49 re-
spectively) (Fig. 3B and Supplemental Fig. S1B). Many studies have
Fig. 3. Shannon alpha diversity index byA) accumulated fertilization and B) days after fertilization. C=Unfertilized control; AS=Ammonium Sulfate 21%; ASP=AmmoniumSulfate 21%
+ DMPP; ASD = Ammonium Sulfate 21% + DMPSA.
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ification (Zeng et al., 2016; Ling et al., 2017; Zhang et al., 2017b; Bei
et al., 2018; Li et al., 2020). We also observed that soil pH decreased as
fertilizer accumulated, from 5.6 at the beginning of the experiment to
4.4 at the end (with no difference between AS, ASP and ASD), which
could have been harmful to some bacteria. Nevertheless, the meta-
analysis of Wang et al. (2018) suggests that acidification is not the
main direct driving factor influencing alpha-diversity, but rather the
changes in N availability and soil organic carbon.
3.1.2. Assessing the effect of DMPP and DMPSA on bacterial diversity with
respect to conventional fertilizer
Both NIs tended to decrease bacterial richness (Chao1) at highWFPS
(AS=9180; ASP=8718; ASD=7784), although the decreasewith re-
spect to AS was significant only in the case of ASD (Monte-Carlo test,
P = 0.036). However, the NIs did not affect Chao1 at low WFPS (AS =
8018; ASP=7991; ASD=8217). Further, the application of both inhib-
itors also tended to decrease the evenness (Shannon) to lower values
than in the AS samples at high WFPS (AS = 10.22; ASP = 10.11;
ASD = 9.98), again this was significant only in the case of ASD
(Monte-Carlo test, P = 0.047). As before, there was no effect of NIs on
the Shannon index at low WFPS (AS = 9.84; ASP = 9.81; ASD =
9.88). These results are in concordance with Zhang et al. (2017a) and
Corrochano-Monsalve et al. (2020b). The former reported a non-
significant trend of DMPP to decrease richness and almost no effects
on the Shannon index, while our earlier work indicated that DMPSA
clearly decreased Chao1 in soils with high WFPS, but did not affect the
Shannon index. Therefore, despite dimethylpyrazole (DMP) being the
supposed active compound in both of the inhibitors tested, they do
not have the same impact on soil bacterial consortia, suggesting that
there should be some differences in the behavior of these inhibitors in
the soil. It is considered that the mechanism of action of these DMPs re-
lies on their chelation capacity, since AMO needs copper as a cofactor.
Nevertheless, previous studies have demonstrated differences in their
copper-chelationmechanism, because DMPSA can chelate copperwith-
out being degraded to DMP and it demonstrates a greater chelation
efficiency (Corrochano-Monsalve et al., 2021a). Therefore, these NIs dif-
ferential microbial impact might be ascribed to their chelation singular-
ities. In addition, this chelation ability might be extended to other
metallic cofactors, thus imposing effects on organisms requiring these
metals.
As the number of fertilizer applications increased, the ASP and ASD
treatments followed a similar trend to AS. While no clear trend was5
observed in Chao1 values (Supplemental Fig. S1A), after the 1st fertilizer
application the Shannon indexes in the ASP and ASD treatments were
10.15 and 9.99, respectively, and in the subsequent 2nd, 3rd, and 4th ad-
ditions decreased to 10.01, 9.81 and 9.58 (in ASP) and 10.02, 9.87 and
9.62 (in ASD) respectively (Fig. 3A). Soil conditions were wetter in the
period after the 1st (68% average WFPS) and 2 nd (58% WFPS) applica-
tions than after the 3 rd (46% WFPS) and 4th (51% WFPS) applications
(Fig. 1). It is noteworthy that the greatest differences between the treat-
ments receiving NIs and AS were found in the 1st fertilizer application.
The reason why NIs induced the biggest changes after the 1 st applica-
tion is not clear. It might be related to the higher WFPS present after
the 1st fertilization, which allowed a greater pore connectivity, as
Carson et al. (2010) described, which could facilitate the diffusion of
substances such as NIs. On the other hand, it has been observed that de-
pendent on the WFPS, the application rate of DMPSA affects its perfor-
mance in reducing N2O emissions (Lin and Hernandez-Ramirez,
2020). Although the application rate relative to the amount of N applied
with the fertilizer was always the same in our experiment (0.8% of the
applied NH4+-N), there could also be a relationship between the total
NI applied dose and the bacterial response, because the highest fertilizer
dose (and thus the highest net NI amount) was applied in the 1st appli-
cation (80 kg N ha−1 and 0.64 kg NI ha−1), diminishing to 60 kg N ha−1
(0.48 kg NI ha−1) in the next applications. This might suggest a dose-
dependent impact on the bacterial community, which should be consid-
ered for further studies.
This is thefirst time that the impact exerted byDMPP andDMPSA on
the bacterial diversity has been analyzed in a temporal framework. Our
results indicate that 60 DAF, the soils that received NIs still tended to
maintain lower Shannon values than AS (AS = 10.10; ASP = 10.00;
ASD = 10.05) (Fig. 3B). This is in agreement with previous work dem-
onstrating the presence of DMP in the soil 50 DAF (Menéndez et al.,
2012). There are no conclusive studies regarding the degradation of
DMPSA, but our earlier research indicated a capacity to reduce N2O
emissions up to 35 and 42 DAF (Corrochano-Monsalve et al., 2020a,
2021b). Therefore, a longer degradation time than 42 days for this com-
pound can be speculated, coinciding with the results from the current
work.
3.2. Soil water content and nitrification inhibitors influenced microbial
co-occurrence networks
Shifts in the abundance of particular microbial groups as a conse-
quence of NI application might cause (or be the result of) a change in
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implemented for the first time a microbial co-occurrence network ap-
proach to analyze the modifications in the soil microbe-microbe associ-
ation patterns as mediated by the application of NIs.
All the soils analyzed showed modularity (M) values above 0.4 (M
ranged between 0.60 and 0.77 at low WFPS and between 0.92 and
0.95 at high WFPS) (Table 1), indicating that the networks from the
soils studied were modularly structured (Newman, 2006). Modularity
measures the degree to which a network is organized into clearly
delimited modules, a group of OTUs highly connected among them-
selves (which might have similar ecological niches, but not necessarily
physical interaction) but less linked to OTUs outside the module
(Fig. 4) (Zhou et al., 2011).
Major topological indexes analysis showed significant differences,
indicating different patterns of community interaction depending on
theWFPS and treatment (Table 1). For instance, the proportion of initial
OTUs that were present within the correlation network (i.e. total nodes
with respect to original OTUs) was considerably lower under lowWFPS
(average of 18.4%) than at high WFPS (average of 56.6%), suggesting a
highly disconnectedmicrobial community overall under lowWFPS con-
ditions. Thus, the network size was considerably larger at high WFPS
(average network size, low WFPS = 766 nodes; high WFPS = 1903
nodes). Consequently, the network presented more edges at high
WFPS (average number of edges, low WFPS = 1571; high WFPS =
2683), which seems to agree with a greater connection of the soil
pores (and thus communities) at highWFPS, in favor to pore connectiv-
ity theory (Carson et al., 2010). In the same manner, more modules
formed the network at high WFPS (average number of modules, low
WFPS = 108; high WFPS = 238), although the relation between the
number of modules with respect to total nodes was almost the same
at both WFPS conditions (0.14 at low WFPS and 0.12 at high WFPS).
In addition, the percentage of positive interactions (positive edges) de-
creased drastically at high WFPS (average positive edges, low WFPS =
91.26%; high WFPS = 47.25%), which might be driven by the higher
pore connection allowing more adapted bacteria to negatively affect
the less competitive.
Our results showed that unfertilized soils (C) presented the lowest
percentage of positive edges (85.24% and 34.72% at low and high
WFPS respectively), typical of a co-exclusion network in which re-
sources are scarce (Deng et al., 2012). In contrast, AS fertilization in-
creased the percentage of positive edges (95.82% and 48.54% at lowTable 1
Topological properties of soil bacterial networks within each treatment at low and high water


















Low C 4969 0.91 0.90 794 15.98 183
AS 3659 0.87 0.94 857 23.42 203
ASP 4094 0.89 0.91 724 17.68 129
ASD 3911 0.89 0.93 691 17.67 111
High C 4054 0.94 0.87 2167 53.45 385
AS 3284 0.94 0.95 1996 60.78 280
ASP 3254 0.88 0.93 1844 56.67 187
ASD 2848 0.94 0.87 1604 56.32 221
Indexes legend (Zhou et al., 2011; Deng et al., 2012):
a. Number of OTUs within the network.
b. Percentage of OTUs included in the network with respect to the number of original OTUs.
c. Number of pairwise correlations between OTUs obtained by Pearson's correlation analysis.
d. Higher avgK means a more complex network.
e. A lower GD means that nodes in the network are closer.
f. How well a node is connected with its neighborhood. A value close to 0 means that there are
g. Capability of the nodes to form modules.
h. Group of OTUs highly connected among themselves (high density edges) but less linked wi
Bold values indicate significant differences between AS and ASP or ASD (Student-t; P<0.0003).
(AS, ASP, ASD) are indicated by asterisk (Student-t; P < 0.0002). Significant differences betwe
C = Unfertilized control; AS = Ammonium Sulfate 21%; ASP = Ammonium Sulfate 21% + DM
6
and high WFPS respectively), which matches a lower competition for
resources due to the addition of nutrients. The co-occurrence network
in AS had greater similarity to C at low WFPS, presenting a slight
increase in total edges (C = 1836; AS = 2033) and avgK (C = 4.62;
AS = 4.74), lower GD (C = 5.46; AS = 5.34; P < 0.0002) and lower M
(C= 0.62; AS = 0.60; P< 0.0002). In contrast, at highWFPS the differ-
encewas greater and opposite, showing fewer edges than C (C= 3851;
AS = 2800), lower avgK (C = 3.55; AS = 2.81), larger GD (C = 9.59;
AS=11.21; P<0.0002) and lowerM (C=0.95; AS= 0.94; P<0.0002).
When compared with AS, the ASP and ASD treatments had a lower
number of nodes (low WFPS, AS = 857; ASP = 724; ASD = 691; high
WFPS, AS = 1996; ASP = 1844; ASD = 1604), lower number of edges
(low WFPS, AS = 2033; ASP = 1298; ASD = 1116; high WFPS, AS =
2800; ASP = 1871; ASD = 2210), lower avgK (low WFPS, AS = 4.74;
ASP = 3.59; ASD = 3.23; high WFPS, AS = 2.81; ASP = 2.02; ASD =
2.76) and greater GD (low WFPS, AS = 5.34; ASP = 4.84; ASD =
7.75; high WFPS, AS = 11.21; ASP = 12.96; ASD = 12.15; P <
0.0003) under both levels of soil water content (Table 1). Thus, our re-
sults indicate that NI application reduced the network complexity
with respect to the fertilizer alone (AS), which is of high relevance be-
cause previous studies have suggested that crops might benefit from a
more complex microbial network through a greater ability to cope
with environmental changes or suppress soil-borne pathogens (Berry
and Widder, 2014; Yang et al., 2017; Tao et al., 2018). In the ASP and
ASD treatments, the larger GD might hinder rapid communication
among different members of the microbial community, and thus the
system would respond more slowly to environmental changes (Zhou
et al., 2010). On the other hand, the greater M in soils that receive NIs
(not in the case for ASD at high WFPS) (low WFPS, AS = 0.60; ASP =
0.64; ASD = 0.77; high WFPS, AS = 0.94; ASP = 0.95; ASD = 0.92;
P<0.0003) is thought to restrict and localize the effects of a disturbance
within compartments in the network (Ruiz-Moreno et al., 2006; Zhou
et al., 2010). At the same time, short path distances (faster communica-
tion) also allow local perturbations to reach thewhole network quickly,
which could alter the system (Kitano, 2004; Zhou et al., 2010). These
changes in the complexity of microbial relationships might also affect
the endophytic bacterial community and have an impact on their capac-
ity to cope with stressors. Therefore, future studies should explore this
question further.
Interestingly, the ASP and ASD treatments also showed differences




















6 85.24 4.62 5.46 0.13 0.62 115
3 95.82 4.74 5.34* 0.15* 0.60* 108
8 86.29 3.59 4.84* 0.12* 0.64* 121
6 97.67 3.23 7.75*# 0.14*# 0.77*# 87
1 34.72 3.55 9.59 0.08 0.95 240
0 48.54 2.81 11.21* 0.10* 0.94* 229
1 51.04 2.02 12.96* 0.05* 0.95 285
0 54.70 2.76 12.15*# 0.11*# 0.92*# 198
hardly any connections.
th OTUs outside the module.
Significant differences between theunfertilized treatment (C) and the fertilized treatments
en ASP and ASD are indicated by hash (#) (Student-t; P < 0.0001).
PP; ASD = Ammonium Sulfate 21% + DMPSA.
Fig. 4. Co-occurrence networks analysis of bacterial community based on the 16S rRNA gene. Each node represent anOTU colored according to taxonomy (Phylum). Onlymajoritymodules
(≥30 nodes) have been represented. Edges represent significant Pearson correlations (P< 0.05). Green edges correspond to positive relationship between nodes; Red edges correspond to
negative relationship between nodes. C = Unfertilized Control; AS= Ammonium Sulfate 21%; ASP= Ammonium Sulfate 21%+ DMPP; ASD= Ammonium Sulf ate 21%+ DMPSA. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
M. Corrochano-Monsalve, C. González-Murua, J.-M. Estavillo et al. Science of the Total Environment 792 (2021) 148374lower avgK, higher GD and clustering coefficients (how well a node is
connected with its neighbors), and greater M. At high WFPS, the trend
was opposite, because ASD had a higher avgK, lower GD and lower M.7
When the water content was high, ASD had fewer nodes than ASP but
more edges, indicating greater numbers of connections within the com-
munity. Moreover, at both low and high WFPS, ASD tended to show a
M. Corrochano-Monsalve, C. González-Murua, J.-M. Estavillo et al. Science of the Total Environment 792 (2021) 148374greater percentage of positive edges than the rest of the treatments,
which might suggest a lower degree of competition within the ASD
soil community.
3.3. Fertilization surpassed the effect of nitrification inhibitors on bacterial
community structure
3.3.1. Shifts in community composition exerted by fertilizer with respect to
unfertilized soils
ANOSIM analysis showed significant differences when comparing
the C and AS treatments, both at low (R = 0.90; P = 0.001) and high
(R=0.82; P=0.001)WFPS (Table 2), indicating that fertilizer applica-
tion induced drastic changes in bacterial community composition, as
previously suggested by other authors (Pan et al., 2014; Leff et al.,
2015). Proteobacteria (36% relative abundance), Actinobacteria (19%)
and Acidobacteria (12%) were the dominant phyla in AS soils
(Fig. 5A), with less than 4% variation between low and high WFPS con-
ditions. Verrucomicrobia, Planctomycetes, Bacteroidetes, Chloroflexi,
Gemmatimonadetes, Firmicutes and Cyanobacteria comprised the rest
of thephyla, representingmore than 1%of the total bacterial abundance.
Surprisingly, the Acidobacteria population, which is adapted to low pH
environments (Lauber et al., 2009), exhibited 18% lower abundance in
AS than in C. This same trend was observed in the metadata of Wang
et al. (2018), who used this fact to support the concept that soil
acidification due to fertilizer would not be the main factor that alters
bacterial biomass. The Acidobacteria include many oligotrophic
members (Fierer et al., 2007), so N addition could work against them.
Therefore, relying on this group to determine the role of acidification
might not be the most robust option. In contrast, phylum TM7 (cur-
rently Saccharibacteria), which is also associated with low pH (Zhou
et al., 2015; (Zhang et al., 2017b) , showed the greatest shift (+600%)
when fertilizer was applied. Cyanobacteria, Armatimonadetes and
Fibrobacteres are considered to be the most important taxa for
predicting the multifunctionality of an ecosystem (Chen et al., 2020).
Multifunctionality is described as the capability to play multiple func-
tions simultaneously, which is critical to maintaining nutrient cycling,
and positively correlated with microbial diversity (Wagg et al., 2014;
Bender et al., 2016; Delgado-Baquerizo et al., 2017). These three phyla
suffered abundance reductions (−32%, Armatimonadetes; −59%,
Cyanobacteria; −55%, Fibrobacteres) as a consequence of fertilizer
applications, thus suggesting an important degradation of system
multifunctionality.
3.3.2. Impact of nitrification inhibitors on bacterial community structure
and dominant phyla
Unlike the results observed for alpha-diversity and co-occurrence
networks, almost negligible differences in community composition
were detected when comparing the treatments receiving NIs relativeTable 2
Differences in beta diversity of bacterial community based on analysis of similarity
(ANOSIM) test (Bray-Curtis distances). P-values are based on 999 permutations.
Factor Soil WFPS Groups R P-value
Fertilization Low C vs AS 0.90 0.001
C vs DMPP 0.88 0.001
C vs DMPSA 0.89 0.001
High C vs AS 0.82 0.001
C vs DMPP 0.88 0.001
C vs DMPSA 0.79 0.001
Nitrification inhibitor Low AS vs DMPP 0.04 0.120
AS vs DMPSA −0.01 0.500
DMPP vs DMPSA 0.06 0.100
High AS vs DMPP 0.03 0.250
AS vs DMPSA −0.11 0.050
DMPP vs DMPSA 0.06 0.210
C=Unfertilized control; AS=Ammonium Sulfate 21%; ASP=AmmoniumSulfate 21%+
DMPP; ASD = Ammonium Sulfate 21% + DMPSA.
8
to AS. Indeed, the greatest effect was observed in the comparison be-
tween the AS and ASD communities at high WFPS (ANOSIM R =
−0.11; P = 0.05), but no significant effects were observed in any
other statistical comparison (Table 2). The impact of DMPSA on the
beta-diversity observed here was smoother than the values reported
previously (Corrochano-Monsalve et al., 2020b) at high WFPS. This
leads us again to hypothesize that the marked differences between
studies might be related to the inhibitor dose applied, since in our ear-
lier work up to 0.96 kg of DMPSA ha−1 were provided in a single appli-
cation (the maximum dose applied in this work was 0.64 kg NI ha−1),
which could have generated a greater microbial response. This theory
is also supported by Luchibia et al. (2020), who found that DMPP tended
to induce more changes at an application rate of 0.96 than at 0.64 or
0.32 kg DMPP ha−1.
The application of NIs did not produce significant changes in the
abundance of themain dominating phyla. Nevertheless, it is interesting
that the abundance of Armatimonadetes, Cyanobacteria and
Fibrobacteres was significantly higher in ASD than in AS (Fig. 5B), sug-
gesting that the negative impact of fertilization on the main phyla re-
lated to multifunctionality was partially alleviated by DMPSA
application. This shift in bacterial abundance was greater at high
WFPS (+21%, Armatimonadetes; +30%, Cyanobacteria; and +25%,
Fibrobacteres) than low WFPS (+12%, +10% and +16% respectively).
However, while the same trend was observed in the ASP treatment at
low WFPS for Armatimonadetes (+15%) and Fibrobacteres (+19%),
there was an opposite effect of DMPP on Cyanobacteria, especially at
high WFPS (−19% with respect to AS). Cyanobacteria represent a very
interesting taxon from an agronomic point of view due to their implica-
tion in N2 fixation, their contribution to improving soil physicochemical
characteristics, the protection they provide against diseases, and their
stimulation of plant growth (Singh et al., 2016). In this study, all orders
within the Cyanobacteria followed the same response to DMPSA
(Fig. 5C), including a 106% increase in the Nostoc genus. Induction of
the Cyanobacteria population by DMPSA has also been reported under
different conditions (wheat crops in non-tilled alkaline soil), suggesting
an intrinsic impact of DMPSA on this taxon that might be driven by a
higher NH4+ content in the soil due to nitrification inhibition
(Corrochano-Monsalve et al., 2020b). However, DMPP also maintains
NH4+ for a longer period (Huérfano et al., 2016; Guardia et al., 2018)
and no Cyanobacteria induction was observed in the ASP treatment.
Therefore, the reasons behind the specific induction of Cyanobacteria
by DMPSA remains unclear and needs further investigation.
LEfSe analysis also evidenced that the impact of DMPSA was highly
dependent onWFPS (Supplemental Fig. S2).While no significant effects
were found at lowWFPS, several shifts in bacterial abundance were ob-
served at high WFPS (LDA > 2; P < 0.05), although the response was
smoother overall than observed before (Corrochano-Monsalve et al.,
2020b). At the phylum level, Armatimonadetes (+21%), Chloroflexi
(+11%) and TM6 (+53%) abundanceswere promoted by DMPSA appli-
cation at highWFPS. Indeed, there seems to be an interrelation between
the induced groups. Armatimonadetes are a fairly unknown oligotro-
phic group, but they are usually detected alongside photosynthetic or-
ganisms such as Cyanobacteria (+30%; LDA = 1.63; P = 0.1),
Chloroflexi and others, suggesting that they take advantage of exudates
of these organisms (Dunfield et al., 2012). In turn, Chloroflexi is usually
associated with Cyanobacteria (Abed et al., 2018). In general,
Chloroflexi encompasses oligotrophic organisms, which are negatively
affected by fertilizer (Zeng et al., 2016; Sun et al., 2019). Therefore,
our results suggest that the negative impact of fertilizer on oligotrophic
and N-fixing bacteria (Ramirez et al., 2010; Chen et al., 2016) seems to
be partially alleviated by DMPSA application. It is relevant that Zhang
et al. (2017a) discussed the samequestion in relation toDMPP, although
we have not found the same trend in our study. TM6, which is a phylum
that includes endosymbionts of free-living amoebas such as
Vermamoeba vermiformis (Delafont et al., 2015; Yeoh et al., 2016), was
the most promoted taxa in ASD among the 20 dominant phyla under
Fig. 5. A) Soil bacterial relative abundance at Phylum level in AS treatment. B) Variation of the abundance of the different phyla in soils treatedwith nitrification inhibitors with respect to
AS. C) Variation of the abundance of Cyanobacteria's orders in sols treatedwith nitrification inhibitors with respect to AS. AS=Ammonium Sulfate 21%; ASP=Ammonium Sulfate 21%+
DMPP; ASD = Ammonium Sulfate 21% + DMPSA; L = LowWFPS; H = High WFPS.
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might therefore be related to the observed 63% increase in the
abundance of Vermamoeba vermiformis in the soils that received
DMPSA, which reiterated earlier observations (Corrochano-Monsalve
et al., 2020b). Similarly, the Chlamydiae, which also encompass
endosymbionts of free-living amoebas (Ishida et al., 2014; Yeoh et al.,
2016), were also enriched in ASD (Fig. 5B),
3.4. Action of DMPP and DMPSA on nitrifying and denitrifying taxa
3.4.1. Among the nitrifiers, the inhibition deployed by NIs was almost
exclusive on Nitrosomonas
The ASP treatment resulted in a lower abundance of the Nitrospirae
phylum than the AS treatment at low WFPS (−13%), and a decrease in
the Nitrosomonadales order was observed in ASD under high WFPS
(−18%) (LDA > 2; P < 0.05) (Fig. 5B and Supplemental Fig. S2). The
identified nitrifying genera represented between 1.24% (low WFPS)
and 1.47% (high WFPS) of the total bacterial abundance in AS. Among
them, Planctomycetes, Nitrospira, Geobacter and Anaeromyxobacter
were the dominant groups (all of them involved in NH2OH conversion
to NO2− by HAO enzymes) (Kanehisa and Goto, 2000) (Fig. 6A). Almost
negligible effectswere observed on themost abundant nitrifying genera
as a consequence of NI applications to soils (Fig. 6B). In total, the relative9
abundance of nitrifiers was similar to AS soils at low WFPS (ASP =
1.19%; ASD = 1.24%) and high WFPS (ASP = 1.44%; ASD = 1.49%).
Within the genera harboring AMO enzyme (the target of NIs),
Nitrosomonas presented a higher abundance than Nitrosospira
(Fig. 6A), even though Nitrosospira is often predominant in acid soils
(Li et al., 2017). In fact, Nitrosomonas underwent the greatest
inhibition following application of DMPP or DMPSA (Fig. 6B). This
inhibition was observed under both moisture conditions, although it
was greater at low WFPS (ASP = 47% of inhibition; ASD = 66%) than
at high WFPS (ASP = 38% of inhibition; ASD = 44%). It was notable
that other AMO-possessing genera such as Nitrospira, Nitrosospira,
Nitrosococcus and Nitrososphaera (archaea) did not show the same de-
pletion trend, suggesting that the action of these NIs to be specific to
Nitrosomonas and noother nitrifiers.Nitrosococcusmight have benefited
from a reduction in competence due to the decline in Nitrosomonas.
However, a negligible effect on the nitrification rate of the soil would
be expected, since the relative abundance of Nitrosococcus in ASP and
ASD (~0.001%) was much lower than that of Nitrosomonas in AS
(~0.06%). No studies have analyzed the direct effect of DMPSA on pure
bacterial and archaeal cultures, and only a few have been carried out
with the most common NIs (Nitrapyrin, DCD and DMPP). In this sense,
similar responses have been observed for Nitrapyrin (Belser and
Schmidt, 1981) and DCD (Shen et al., 2013; O'Sullivan et al., 2017),
Fig. 6. A) Relative abundance of identified nitrifying genera with respect to total nitrifiers.
B) Variation of the abundance of the different genera in soils treated with nitrification
inhibitors with respect to AS. AS = Ammonium Sulfate 21%; ASP = Ammonium Sulfate
21%+DMPP;ASD=AmmoniumSulfate 21%+DMPSA; L=LowWFPS; H=HighWFPS.
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only causes a slight inhibition of Nitrosospira, Nitrosolobus and
Nitrososphaera. Conversely, O'Sullivan et al. (2017) reported a sensitivity
of Nitrosomonas and Nitrosospira to DMPP. Further studies analyzing the
effects of DMPP and DMPSA on pure nitrifying bacteria cultures would
be essential to determine the exact mode of action of these compounds.
3.4.2. No general effect on denitrifying bacteria was found
Bacteria harboring one or more denitrifying gene (nirK, nirS, norB or
nosZ) (Kanehisa and Goto, 2000) accounted for 11.5% (lowWFPS) and
11.7% (high WFPS) of the total bacterial abundance. Previous studies
have reported effects of both DMPP and DMPSA on denitrifying bacteria
harboring nosZI genes. These organisms, which are capable of reducing
N2O to N2, seem to be promoted after fertilizer applications including
DMPP or DMPSA (Torralbo et al., 2017; Corrochano-Monsalve et al.,
2020a, 2021a), and this contributes to reducing the negative environ-
mental impact of gaseous N emissions. In the present study, two genera
stood out in their abundance: Gemmatimonas (harboring nirK and nosZI
genes) and Sphingomonas (nirK and norB genes) (Supplemental
Fig. S3A). There were no substantial changes in the abundances of
these two genera in either ASP- or ASD-treated soils (Supplemental
Fig. S3B).
The diversity of the bacteria involved in the denitrification route re-
sulted in a highly variable response of these genera to NI applications
(Supplemental Fig. S3B). For instance, the abundance of three genera10harboring both nirK and norB (Nitrosococcus, Polaromonas and
Propionibacterium) tended to be increased by NI application, but the
inverse trend was found in Pseudoxanthomonas (which harbor the
same genes). Furthermore, two genera possessing only nosZ genes
(Comamonas and Epilithonimonas) also showed the opposite trend.
Therefore, it was not possible to assume a general response of the
denitrifying pathway based on these results.
4. Conclusions
The application of DMPP and DMPSA NIs had little impact on the
abundance of the main phyla. Nonetheless, several significant shifts
were detected in bacterial diversity, the abundance of particular taxa,
and microbial co-occurrence patterns. Soil water content played a key
role in the effect of the inhibitors on the soil bacterial community. For
instance, the application of NIs amplified the negative impact of nitro-
gen fertilization on bacterial diversity under high moisture conditions,
reducing community diversity. Both NIs exhibited a highly specific ac-
tion on Nitrosomonas but not on other nitrifying bacteria, which needs
to be further investigated to gain insights into the exact mode of action
of these agrochemicals. However, the response of non-target bacteria
was different for each of the NIs studied. Although both compounds
are based on dimethylpyrazole, our results suggest that their individual
behaviors differ in the soil. Indeed, DMPSA decreased the bacterial di-
versity to lower values than DMPP and was associated with greater
changes in bacterial community structure. Notably, its application par-
tially alleviated the negative effect of fertilizer on several oligotrophic
taxa, which are intrinsic to soil multifunctionality, and interestingly, in-
duced the enrichment of Cyanobacteria populations, a group with sub-
stantial agricultural potential. Our results show that NI application not
only altered alpha and beta diversity, but also exerted considerable in-
fluence on interactions within microbial relationship by decreasing
the complexity of co-occurrence networks.
In summary, this work provides experimental evidence that the im-
pacts of DMPP andDMPSA on soil-borne bacteria are dissimilar, and not
exclusive to their putative target taxonomic group (nitrifiers). Nonethe-
less, the changes observed donot seem tobe of a sufficientmagnitude to
have a significant impact on soil health. These results, together with
previous works that evidenced the ability of NIs to reduce N2O emis-
sions, suggest that DMP-based NIs are suitable tools in our pursuit of ag-
ricultural sustainability.
Funding
This project was funded by the Spanish Government (RTI2018-
094623-B-C21 MCIU/AEI/FEDER, UE), the Basque Government (EJ/GV,
IT-932-16 and IT-1213-19) and by EuroChem Agro Iberia S.L.-UPV/
EHU 2018.0612. Mario Corrochano-Monsalve holds a grant from the
Ministry of Science and Innovation of the Spanish Government (BES-
2016-076725).
Availability of data
The datasets supporting the conclusions of this article are available
in the Qiita repository, under study ID 13517 (https://qiita.ucsd.edu/
study/description/13517).
CRediT authorship contribution statement
Mario Corrochano-Monsalve: Conceptualization, Investigation,
Formal analysis, Visualization, Writing – original draft. Carmen
González-Murua: Conceptualization, Writing – review & editing,
Supervision, Project administration, Funding acquisition. José-María
Estavillo: Conceptualization, Writing – review & editing, Supervision,
Project administration, Funding acquisition. Andone Estonba:
M. Corrochano-Monsalve, C. González-Murua, J.-M. Estavillo et al. Science of the Total Environment 792 (2021) 148374Supervision, Writing – review & editing. Iratxe Zarraonaindia: Formal
analysis, Visualization, Supervision, Writing – review & editing.
Declaration of competing interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgements
The authors are grateful to the Sequencing and Genotyping
Unit–SGIker from UPV/EHU for their technical support.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148374.
References
Abed, R.M.M., Kohls, K., Leloup, J., de Beer, D., 2018. Abundance and diversity of aerobic
heterotrophic microorganisms and their interaction with cyanobacteria in the oxic
layer of an intertidal hypersaline cyanobacterial mat. FEMS Microbiol. Ecol. 94 (2).
https://doi.org/10.1093/femsec/fix183.
Arp, D.J., Stein, L.Y., 2003. Metabolism of inorganic N compounds by ammonia-oxidizing
bacteria. Crit. Rev. Biochem. Mol. Biol. 38 (6), 471–495. https://doi.org/10.1080/
10409230390267446.
Barberán, A., Bates, S.T., Casamayor, E.O., Fierer, N., 2012. Using network analysis to ex-
plore co-occurrence patterns in soil microbial communities. ISME J. 6, 343–351.
https://doi.org/10.1038/ismej.2011.119.
Bei, S., Zhang, Y., Li, T., Christie, P., Li, X., Zhang, J., 2018. Response of the soil microbial
community to different fertilizer inputs in a wheat-maize rotation on a calcareous
soil. Agric. Ecosyst. Environ. 260, 58–69. https://doi.org/10.1016/j.agee.2018.03.014.
Belser, L.W., Schmidt, E.L., 1981. Inhibitory effect of Nitrapyrin on three genera of
ammonia-oxidizing nitrifiers. Appl. Environ. Microbiol. 41, 819–822.
Bender, S.F., Wagg, C., van der Heijden, M.G.A., 2016. An underground revolution: biodi-
versity and soil ecological engineering for agricultural sustainability. Trends Ecol.
Evol. 31, 440–452. https://doi.org/10.1016/j.tree.2016.02.016.
Berry, D., Widder, S., 2014. Deciphering microbial interactions and detecting keystone
species with co-occurrence networks. Front. Microbiol. 5 (219), 219. https://doi.
org/10.3389/fmicb.2014.00219.
Brussaard, L., 1997. Biodiversity and ecosystem functioning in soil. Ambio 26, 563–570.
Caporaso, J.G., Bittinger, K., Bushman, F.D., DeSantis, T.Z., Andersen, G.L., Knight, R., 2010a.
PyNAST: a flexible tool for aligning sequences to a template alignment. Bioinformat-
ics 26 (2), 266–267. https://doi.org/10.1093/bioinformatics/btp636.
Caporaso, J.G., Kuczynski, J., Stombaugh, J., et al., 2010b. QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 7 (5), 335–336. https://doi.
org/10.1038/nmeth.f.303.
Caporaso, J.G., Lauber, C.L., Walters, W.A., et al., 2012. Ultra-high-throughput microbial
community analysis on the Illumina HiSeq and MiSeq platforms. ISME J. 6 (8),
1621–1624. https://doi.org/10.1038/ismej.2012.8.
Carson, J.K., Gonzalez-Quiñones, V., Murphy, D.V., Hinz, C., Shaw, J.A., Gleeson, D.B., 2010.
Low pore connectivity increases bacterial diversity in soil. Appl. Environ. Microbiol.
76 (12), 3936–3942. https://doi.org/10.1128/AEM.03085-09.
Chen, C., Zhang, J., Lu, M., et al., 2016. Microbial communities of an arable soil treated for 8
years with organic and inorganic fertilizers. Biol. Fertil. Soils 52, 455–467. https://doi.
org/10.1007/s00374-016-1089-5.
Chen, Q.L., Ding, J., Zhu, et al., 2020. Rare microbial taxa as the major drivers of ecosystem
multifunctionality in long-term fertilized soils. Soil Biol. Biochem. 141, 107686.
https://doi.org/10.1016/j.soilbio.2019.107686.
Corrochano-Monsalve, M., Huérfano, X., Menéndez, S., Torralbo, F., Fuertes-Mendizábal,
T., Estavillo, J.M., González-Murua, C., 2020a. Relationship between tillage manage-
ment and DMPSA nitrification inhibitor efficiency. Sci. Total Environ. 718, 134748.
https://doi.org/10.1016/j.scitotenv.2019.134748.
Corrochano-Monsalve, M., González-Murua, C., Estavillo, J.M., Estonba, A., Zarraonaindia,
I., 2020b. Unraveling DMPSA nitrification inhibitor impact on soil bacterial consortia
under different tillage systems. Agric. Ecosyst. Environ. 301, 107029. https://doi.org/
10.1016/j.agee.2020.107029.
Corrochano-Monsalve, M., González-Murua, C., Bozal-Leorri, A., Lezama, L., Artetxe, B.,
2021a. Mechanism of action of nitrification inhibitors based on dimethylpyrazole: a
matter of chelation. Sci. Total Environ. 752, 141885. https://doi.org/10.1016/j.
scitotenv.2020.141885.
Corrochano-Monsalve, M., Bozal-Leorri, A., Sánchez, C., González-Murua, C., Estavillo, J.M.,
2021b. Joint application of urease and nitrification inhibitors to diminish gaseous ni-
trogen losses under different tillage systems. J. Clean. Prod. 289, 125701. https://doi.
org/10.1016/j.jclepro.2020.125701.
Delafont, V., Samba-Louaka, A., Bouchon, D., Moulin, L., Héchard, Y., 2015. Shedding light
on microbial dark matter: a TM6 bacterium as natural endosymbiont of a free-living11amoeba. Environ. Microbiol. Rep. 7 (6), 970–978. https://doi.org/10.1111/1758-
2229.12343.
Delgado-Baquerizo, M., Eldridge, D.J., Ochoa, V., Gozalo, B., Singh, B.K., Maestre, F.T., 2017.
Soil microbial communities drive the resistance of ecosystem multifunctionality to
global change in drylands across the globe. Ecol. Lett. 20, 1295–1305. https://doi.
org/10.1111/ele.12826.
Deng, Y., Jiang, Y.H., Yang, Y., He, Z., Luo, F., Zhou, J., 2012. Molecular ecological network
analysis. BMC Bioinformatic 13, 113. https://doi.org/10.1186/1471-2105-13-113.
Dunfield, P.F., Tamas, I., Lee, K.C., Morgan, X.C., McDonald, I.R., Stott, M.B., 2012. Electing a
candidate: a speculative history of the bacterial phylum OP10. Environ. Microbiol. 14
(12), 3069–3080. https://doi.org/10.1111/j.1462-2920.2012.02742.x.
Edgar, R.C., 2010. Search and clustering orders of magnitude faster than BLAST. Bioinfor-
matics 26, 2460–2461. https://doi.org/10.1093/bioinformatics/btq461.
Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil
bacteria. Ecology 88, 1354–1364. https://doi.org/10.1890/05-1839.
Guardia, G., Marsden, K.A., Vallejo, A., Jones, D.L., Chadwick, D.R., 2018. Determining the
influence of environmental and edaphic factors on the fate of the nitrification inhib-
itors DCD and DMPP in soil. Sci. Total Environ. 624, 1202–1212. https://doi.org/
10.1016/j.scitotenv.2017.12.250.
Guimerà, R., Amaral, L.A., 2005. Cartography of complex networks: modules and universal
roles. J. Stat. Mech. (P02001), nihpa35573 https://doi.org/10.1088/1742-5468/2005/
02/P02001.
Guo, J.H., Liu, X.J., Zhang, Y., et al., 2010. Significant acidification in major Chinese crop-
lands. Science 327, 1008–1010. https://doi.org/10.1126/science.1182570.
Hallin, S., Philippot, L., Löffler, F.E., Sanford, R.A., Jones, C.M., 2018. Genomics and ecology
of novel N2O-reducing microorganisms. Trends Microbiol. 26 (1), 43–55. https://doi.
org/10.1016/j.tim.2017.07.003.
Harter, J., Krause, H.M., Schuettler, S., et al., 2014. Linking N2O emissions from biochar-
amended soil to the structure and function of the N-cycling microbial community.
ISME J. 8 (3), 660–674. https://doi.org/10.1038/ismej.2013.160.
Hartmann, M., Frey, B., Mayer, J., Mader, P., Widmer, F., 2015. Distinct soil microbial diver-
sity under long-term organic and conventional farming. ISME J. 9, 1177–1194.
https://doi.org/10.1038/ismej.2014.210.
Huérfano, X., Fuertes-Mendizábal, T., Fernández-Diez, K., Estavillo, J.M., González-Murua,
C., Menéndez, S., 2016. The new nitrification inhibitor 3,4-dimethylpyrazole succinic
(DMPSA) as an alternative to DMPP for reducing N2O emissions from wheat crops
under humid Mediterranean conditions. Eur. J. Agron. 80, 78–87. https://doi.org/
10.1016/j.eja.2016.07.001.
Huérfano, X., Estavillo, J.M., Fuertes-Mendizábal, T., Torralbo, F., González-Murua, C.,
Menéndez, S., 2018. DMPSA and DMPP equally reduce N2O emissions from a
maize-ryegrass forage rotation under Atlantic climate conditions. Atmos. Environ.
187 (June), 255–265. https://doi.org/10.1016/j.atmosenv.2018.05.065.
IPCC-International Panel on Climate Change, 2014. In: Pachauri, R.K., Meyer, L.A. (Eds.),
Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
[Core Writing Team]. IPCC, Geneva, Switzerland, p. 151.
Ishida, K., Sekizuka, T., Hayashida, K., et al., 2014. Amoebal endosymbiont neochlamydia
genome sequence illuminates the bacterial role in the defense of the host amoebae
against Legionella pneumophila. PLoS ONE 9 (4), e95166. https://doi.org/10.1371/
journal.pone.0095166.
Joshi, N.A., Fass, J.N., 2011. Sickle: A Sliding-window, Adaptive, Quality-based Trimming
Tool for FastQ Files (Version 1.33). [Software]. Available at. https://github.com/
najoshi/sickle.
Kanehisa, M., Goto, S., 2000. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. 28 (1, 1), 27–30. https://doi.org/10.1093/nar/28.1.27.
Kitano, H., 2004. Biological robustness. Nat. Rev. Genet. 5, 826–837. https://doi.org/
10.1038/nrg1471.
Lauber, C.L., Hamady, M., Knight, R., Fierer, N., 2009. Pyrosequencing-based assessment of
soil pH as a predictor of soil bacterial community structure at the continental scale.
Appl. Environ. Microbiol. 75, 5111–5120. https://doi.org/10.1128/AEM.00335-09.
Leff, J.W., Jones, S.E., Prober, S.M., et al., 2015. Consistent responses of soil microbial com-
munities to elevated nutrient inputs in grasslands across the globe. Proc. Natl. Acad.
Sci. 112 (35), 10967–10972. https://doi.org/10.1073/pnas.1508382112.
Li, Y.Y., Chapman, S.J., Nicol, G.W., Yao, H.Y., 2017. Nitrification and nitrifiers in acidic soils.
Soil Biol. Biochem. 116, 290–301. https://doi.org/10.1016/j.soilbio.2017.10.023.
Li, Y., Tremblay, J., Bainard, L.D., Cade-Menun, B., Hamel, C., 2020. Long-term effects of ni-
trogen and phosphorus fertilization on soil microbial community structure and func-
tion under continuous wheat production. Environ. Microbiol. 22, 1066–1088. https://
doi.org/10.1111/1462-2920.14824.
Lin, S., Hernandez-Ramirez, G., 2020. Nitrous oxide emissions from manured soils as a
function of various nitrification inhibitor rates and soil moisture contents. Sci. Total
Environ., 139669 https://doi.org/10.1016/j.scitotenv.2020.139669.
Ling, N., Chen, D., Guo, H., Wei, J., Bai, Y., Shen, Q., Hu, S., 2017. Differential responses of
soil bacterial communities to long-term N and P inputs in a semi-arid steppe.
Geoderma 292, 25–33. https://doi.org/10.1016/j.geoderma.2017.01.013.
Linn, D.M., Doran, J.W., 1984. Effect of water-filled pore space on carbon dioxide and ni-
trous oxide production in tilled and nontilled soils. Soil Sci. Soc. Am. J. 48, 1267–1272.
Liu, J., Wu, N., Wang, H., Sun, J., Peng, B., Jiang, P., Bai, E., 2016. Nitrogen addition affects
chemical compositions of plant tissues, litter and soil organic matter. Ecology 97,
1796–1806. https://doi.org/10.1890/15-1683.1.
Luchibia, A.O., Lam, S.K., Suter, H., Chen, Q., O’Mara, B., He, J.Z., 2020. Effects of repeated
applications of urea with DMPP on ammonia oxidizers, denitrifiers, and non-
targeted microbial communities of an agricultural soil in Queensland, Australia.
Appl. Soil Ecol. 147, 103392. https://doi.org/10.1016/j.apsoil.2019.103392.
Menéndez, S., Barrena, I., Setien, I., González-Murua, C., Estavillo, J.M., 2012. Efficiency of
nitrification inhibitor DMPP to reduce nitrous oxide emissions under different
M. Corrochano-Monsalve, C. González-Murua, J.-M. Estavillo et al. Science of the Total Environment 792 (2021) 148374temperature and moisture conditions. Soil Biol. Biochem. 53, 82e89. https://doi.org/
10.1016/j.soilbio.2012.04.026.
Montoya, J., Pimm, S., Solé, R., 2006. Ecological networks and their fragility. Nature 442,
259–264. https://doi.org/10.1038/nature04927.
Newman, M.E.J., 2006. Modularity and community structure in networks. Proc. Natl. Acad.
Sci. 103 (23), 8577–8582. https://doi.org/10.1073/pnas.0601602103.
Olesen, J.M., Bascompte, J., Dupont, Y.L., Jordano, P., 2007. The modularity of pollination
networks. Proc. Natl. Acad. Sci. 104 (50), 19891–19896. https://doi.org/10.1073/
pnas.0706375104.
O’Sullivan, C.A., Duncan, E.G., Whisson, K., et al., 2017. A colourimetric microplate assay
for simple, high throughput assessment of synthetic and biological nitrification inhib-
itors. Plant Soil 413, 275–287. https://doi.org/10.1007/s11104-016-3100-1.
Pan, Y., Cassman, N., de Hollander, M., et al., 2014. Impact of long-term N, P, K, and NPK
fertilization on the composition and potential functions of the bacterial community
in grassland soil. FEMS Microbiol. Ecol. 90 (1), 195–205. https://doi.org/10.1111/
1574-6941.12384.
Paulson, J.N., Stine, O.C., Bravo, H.C., Pop, M., 2013. Robust methods for differential abun-
dance analysis in marker gene surveys. Nat. Methods 10, 1200–1202. https://doi.org/
10.1038/nmeth.2658.
Peng, Y., Guo, D., Yang, Y., 2017. Global patterns of root dynamics under nitrogen enrich-
ment. Glob. Ecol. Biogeogr. 26, 102–114. https://doi.org/10.1111/geb.12508.
Pfab, H., Palmer, I., Buegger, F., Fiedler, S., Müller, T., Ruser, R., 2012. Influence of a nitrifi-
cation inhibitor and of placed N-fertilization on N2O fluxes from a vegetable cropped
loamy soil. Agric. Ecosyst. Environ. 150, 91–101. https://doi.org/10.1016/j.
agee.2012.01.001.
Pierre, W.H., 1928. Nitrogenous fertilizers and soil acidity. I. Effect of various nitrogenous
fertilizers on soil reaction. Agron. J. 20, 254–269. https://dl.sciencesocieties.org/publi-
cations/aj/pdfs/20/3/AJ0200030254.
R Core Team, 2013. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna, Austria http://www.R-project.org/.
R Studio Team, 2016. RStudio: Integrated Development for R. RStudio, Inc., Boston, MA
http://www.rstudio.com/.
Ramirez, K.S., Lauber, C.L., Knight, R., Bradford, M.A., Fierer, N., 2010. Consistent effects of
nitrogen fertilization on soil bacterial communities in contrasting systems. Ecology
91, 3463–3470. https://doi.org/10.1890/10-0426.1.
Recio, J., Alvarez, J.M., Rodriguez-Quijano, M., Vallejo, A., 2019. Nitrification inhibitor
DMPSA mitigated N2O emission and promoted NO sink in rainfed wheat. Environ.
Pollut. 245 (3), 199–207. https://doi.org/10.1016/j.envpol.2018.10.135.
Ruiz-Moreno, D., Pascual, M., Riolo, R., 2006. Exploring network space with genetic algo-
rithms: modularity, resilience and reactivity. In: Pascua, I.M., Dunne, J.A. (Eds.), Eco-
logical Networks: Linking Structure to Dynamics in Food Webs. Oxford University
Press, New York, NY, pp. 187–208.
Ruser, R., Schulz, R., 2015. The effect of nitrification inhibitors on the nitrous oxide (N2O)
release from agricultural soils-a review. J. Plant Nutr. Soil Sci. 178, 171–188. https://
doi.org/10.1002/jpln.201400251.
Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W.S., Huttenhower, C.,
2011. Metagenomic biomarker discovery and explanation. Genome Biol. 12 (6).
https://doi.org/10.1186/gb-2011-12-6-r60.
Sha, Z., Ma, X., Loick, N., et al., 2020. Nitrogen stabilizers mitigate reactive N and green-
house gas emissions from an arable soil in North China Plain: field and laboratory in-
vestigation. J. Clean. Prod. 258. https://doi.org/10.1016/j.jclepro.2020.121025.
Shannon, P., Markiel, A., Ozier, O., et al., 2003. Cytoscape: a software environment for in-
tegrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504.
https://doi.org/10.1101/gr.1239303.
Shen, T., Stieglmeier, M., Dai, J., Urich, T., Schleper, C., 2013. Responses of the terrestrial
ammonia-oxidizing archaeon Ca. Nitrososphaera viennensis and the ammonia-
oxidizing bacterium Nitrosospira multiformis to nitrification inhibitors. FEMS
Microbiol. Lett. 344 (2), 121–129. https://doi.org/10.1111/1574-6968.12164.
Singh, J.S., Kumar, A., Rai, A.N., Singh, D.P., 2016. Cyanobacteria: a precious bio-re- source
in agriculture, ecosystem, and environmental sustainability. Front. Microbiol. 7 (APR),
1–19. https://doi.org/10.3389/fmicb.2016.00529.12Smith, D., 2012. fastq-barcode.pl. [Software]. Available at. https://gist.github.com/
dansmith01/3920169.
Sun, R., Zhang, P., Riggins, C.W., Zabaloy, M.C., Rodríguez-Zas, S., Villamil, M.B., 2019.
Long-term N fertilization decreased diversity and altered the composition of soil bac-
terial and archaeal communities. Agronomy 9, 574. https://doi.org/10.3390/
agronomy9100574.
Tao, J., Meng, D., Qin, C., et al., 2018. Integrated network analysis reveals the importance of
microbial interactions for maize growth. Appl. Microbiol. Biotechnol. 102,
3805–3818. https://doi.org/10.1007/s00253-018-8837-4.
Tian, D., Niu, S., 2015. A global analyses of soil acidification caused by nitrogen addition.
Environ. Res. Lett. 10, 024019. https://doi.org/10.1088/1748-9326/10/2/024019.
Torralbo, F., Menéndez, S., Barrena, I., Estavillo, J.M., Marino, D., González-Murua, C., 2017.
Dimethyl pyrazol-based nitrification inhibitors effect on nitrifying and denitrifying
bacteria to mitigate N2O emission. Sci. Rep. 7 (1), 1–11. https://doi.org/10.1038/
s41598-017-14225-y.
Van der Heijden, M.G., Bardgett, R.D., Van Straalen, N.M., 2008. The unseen majority: soil
microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecol.
Lett. 11, 296–310. https://doi.org/10.1111/j.1461-0248.2007.01139.x.
Wagg, C., Bender, S.F., Widmer, F., van der Heijden, M.G., 2014. Soil biodiversity and soil
community composition determine ecosystem multifunctionality. Proc. Natl. Acad.
Sci. 111, 5266–5270 . https://doi.org/10.1073/pnas.1320054111.
Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive bayesian classifier for rapid as-
signment of rRNA sequences into the new bacterial taxonomy. Appl. Environ.
Microbiol. 73, 5261–5267. https://doi.org/10.1128/AEM.00062-07.
Wang, C., Liu, D., Bai, E., 2018. Decreasing soil microbial diversity is associated with de-
creasing microbial biomass under nitrogen addition. Soil Biol. Biochem. 120,
126–133. https://doi.org/10.1016/j.soilbio.2018.02.003.
Yang, H., Li, J., Xiao, Y., et al., 2017. An integrated insight into the relationship between soil
microbial community and tobacco bacterial wilt disease. Front. Microbiol. 8, 2179.
https://doi.org/10.3389/fmicb.2017.02179.
Yeoh, Y.K., Sekiguchi, Y., Parks, D.H., Hugenholtz, P., 2016. Comparative genomics of can-
didate phylum TM6 suggests that parasitism is widespread and ancestral in this lin-
eage. Mol. Biol. Evol. 33 (4), 915–927. https://doi.org/10.1093/molbev/msv281.
Yu, Y., Wu, M., Petropoulos, E., et al., 2019. Response of paddy soil bacterial community
assembly to different long-term fertilizations in Southeast China. Sci. Total Environ.
656, 625–633. https://doi.org/10.1016/j.scitotenv.2018.11.359.
Zeng, J., Liu, X., Song, L., Lin, X., Zhang, H., Shen, C., et al., 2016. Nitrogen fertilization di-
rectly affects soil bacterial diversity and indirectly affects bacterial community com-
position. Soil Biol. Biochem. 92, 41–49. https://doi.org/10.1016/j.soilbio.2015.09.018.
Zhang, J., Kobert, K., Flouri, T., Stamatakis, A., 2014. PEAR: a fast and accurate Illumina
Paired-End reAd mergeR. Bioinformatics 30 (5), 614–620. https://doi.org/10.1093/
bioinformatics/btt593.
Zhang, M., Wang, W., Zhang, Y., Teng, Y., Xu, Z., 2017a. Effects of fungicide iprodione and
nitrification inhibitor 3,4-dimethylpyrazole phosphate on soil enzyme and bacterial
properties. Sci. Total Environ. 599–600, 254–263. https://doi.org/10.1016/j.
scitotenv.2017.05.011.
Zhang, Y., Shen, H., He, X., et al., 2017b. Fertilization shapes bacterial community structure
by alteration of soil pH. Front. Microbiol. 8, 1325. https://doi.org/10.3389/
fmicb.2017.01325.
Zhou, J., Den, Y., Luo, F., He, Z., Tu, Q., Zhi, X., 2010. Functional molecular ecological net-
works. mBio 1 (4). https://doi.org/10.1128/mBio.00169-10.
Zhou, J., Deng, Y., Luo, F., He, Z., Yang, Y., 2011. Phylogenetic molecular ecological network
of soil microbial communities in response to elevated CO2. mBio 2 (4). https://doi.
org/10.1128/mBio.00122-11.
Zhou, J., Guan, D., Zhou, B., et al., 2015. Influence of 34-years of fertilization on bacterial
communities in an intensively cultivated black soil in northeast China. Soil Biol.
Biochem. 90, 42–51. https://doi.org/10.1016/j.soilbio.2015.07.005.
